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Phenomenological aspects of the exotic T quark in 331 models
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In the context of 331 models we analyze the phenomenology of exotic T quarks with electric
charge 2/3. We establish bounds for the corresponding masses and mixing angles and study the
decay modes T → bW , tZ and qH . It is found that the decays into scalars are strongly dependent
on the model parameters, and can be the dominant ones in a scenario with approximate flavor
symmetry.
PACS numbers: 12.60.Cn, 12.15.Ff, 11.30.Hv
I. INTRODUCTION
In addition to the main goal of identifying a light Higgs boson [1], an important challenge of the LHC is the
observation of clear signals of physics beyond the Standard Model (SM). In fact, the general consensus is that the SM
is not the ultimate theory for strong and electroweak interactions, and many models have been proposed throughout
the last three decades attempting to solve existing theoretical puzzles such as hierarchy problems, replication of
fermion families, coupling unification, etc [2]. Since most of these models include new physics already at the TeV
scale, it is likely that the corresponding effects could be observed at the LHC at 100 fb−1 luminosity. In general, the
various theories of new physics predict the presence of new (“exotic”) fermions, gauge bosons and scalar bosons.
In particular, many models include exotic T quarks with electromagnetic charge 2/3 [3]. This is e.g. the case of
little Higgs theories [4], in which an extra T is introduced in order to cancel the quadratic divergence in the Higgs
selfenergy coming from the ordinary top quark, and the case of theories including extra dimensions, in which one
has towers of quark singlets T
(n)
L,R that can be associated to the left and right handed components of the SM top
quark [5]. Extra T quarks are also predicted in the context of “331” models, in which the standard SU(2)L ⊗ U(1)Y
electroweak gauge symmetry is enlarged to SU(3)L ⊗ U(1)X [6]. In these models, extra fermions have to be added to
the ordinary SM quarks in order to complete the corresponding SU(3)L triplets. In the LHC, a pair of these exotic
fermions can be produced through gluon fusion or quark-antiquark annihilation [7] in the reaction pp → T T¯ , or a
single T quark can come out through the reaction bq → Tq′ [8]. Estimations in Refs. [3, 9] show that these reactions
can be distinguished in the LHC at 100 fb−1 luminosity, even for exotic fermion masses of the order of 1 TeV. The
corresponding background is basically given by SM top quark production, offering the possibility of finding a clear
signature of new physics [10]. Thus, the analysis of T production and decay in definite models is a subject that
deserves detailed study.
In this work we concentrate on the study of T phenomenology in 331-symmetric models. These schemes offer
an explanation to the puzzle of family replication, since the requirements of anomaly cancellation imply a relation
between the number of fermion families and the number of colors [6, 11]. In addition, in this context it is possible to
fit the observed neutrino masses and mixing angles [12]. Owing to the enlarged gauge symmetry, the models include
new gauge bosons and exotic quarks that behave as singlets under standard SU(2)L transformations. Different classes
of 331 models include either new quarks with ordinary 2/3 and -1/3 electric charges or even more exotic fermions with
charges 5/3 and -4/3 that come together with doubly charged gauge bosons and scalar fields (in fact, this is the case
of the original versions of the model, see Ref. [6]). In order to break the gauge symmetry it is necessary to introduce a
minimal scalar sector of two triplets (this is called the “economical” model [13, 14]), while other 331 models consider
three scalar triplets and even an additional scalar SU(3)L sextet [15, 16, 17].
Since we are interested in studying the presence of an exotic top-like quark, we consider here a 331 model in which
fermions have ordinary electric charges [17, 18]. We take into account the general situation of a scalar sector that
includes three triplets, analyzing the couplings of the T with the gauge bosons and the experimental constraints on
the mixing angles between the T and the ordinary quarks. These bounds allow us to constrain the expected widths
for T decays into tZ and bW states for definite values of the T mass. Finally, we consider the Yukawa sector of the
model, studying the decays of the T into an ordinary quark and a neutral or charged scalar boson. The predictions
for the relative magnitude of these decays depends on several unknown model parameters. However, it is possible to
get estimations of the expected rates in the context of specific schemes for the fermion mass matrices.
The article is organized as follows. In Sect. II we briefly describe the model structure, while in Sect. III we study
in more detail the couplings of the exotic T quark with the ordinary gauge bosons. Sect. IV and V are devoted to
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Table I: Fermion content and Q and X quantum numbers for the 331 model with β = −1/√3. Index m runs from 1 to 2, while
i, j run from 1 to 3.
the analysis of T decays into gauge boson and scalar channels respectively. Finally, in Sect. VI we sketch the main
outlines of this work.
II. MODEL
As stated, in 331 models the SM gauge group is enlarged to SU(3)C⊗SU(3)L⊗U(1)X . The fermions are organized
into SU(3)L multiplets, which include the standard quarks and leptons, as well as exotic particles. Though the
criterion of anomaly cancellation leads to some constraints in the fermion quantum numbers, still an infinite number
of 331 models is allowed [11]. In general, the electric charge can be written as a linear combination of the diagonal
generators of the group,
Q = T3 + β T8 + X , (1)
where β is a parameter that characterizes the specific 331 model particle structure and quantum numbers.
If one requires that the new quarks have ordinary electric charges 2/3 and −1/3, the values of β are restricted only
to ±1/√3 [11, 18, 19]. Here we focus in the model with β = −1/√3, which includes only one extra T , thus the quark
mixing in the Q = 2/3 sector is enlarged minimally. The fermion sector is completed with two extra quarks B1,2 with
charge −1/3 and a heavy neutrino associated to each lepton family. The situation is sketched in Table I, where Q
and X quantum numbers are explicitly indicated. Indices i and j run from 1 to 3, while m = 1, 2. Thus, the standard
left-handed quarks UiL and DiL are organized in such a way that quarks belonging to the first two quark families lie
in the 3∗ representation of SU(3)L, while the third family lies in the 3. This leads to the presence of tree level flavor
changing neutral currents (FCNC) [20]. In the lepton sector, all left-handed particles transform as triplets in the 3
representation.
The gauge bosons associated with the group SU(3)L lie as usual in the adjoint representation of the group. Electric
3charge states can be defined according to
WαµGα =
1
2


W 3µ +
1√
3
W 8µ
√
2W+µ
√
2Y 0µ√
2W−µ −W 3µ + 1√3 W 8µ
√
2 Y −µ√
2Y
0
µ
√
2 Y +µ − 2√3 W 8µ

 , (2)
while a neutral vector boson Bµ is associated with the U(1)X group. The fields W3, W8 and B can be conveniently
rotated into states A, Z and Z ′ according to
Aµ = SW W
3
µ + CW
(
− 1√
3
TWW
8
µ +
√
1− 1
3
T 2W Bµ
)
,
Zµ = CW W
3
µ − SW
(
− 1√
3
TWW
8
µ +
√
1− 1
3
T 2W Bµ
)
,
Z ′µ = −
√
1− 1
3
T 2W W
8
µ −
1√
3
TW Bµ , (3)
where A and Z are identified with the usual photon and Z boson of the SM. In Eq. (3) we have introduced the
Weinberg angle θW , defined by
SW =
√
3g′√
3g2 + 4g′
, (4)
where g and g′ correspond to the coupling constants of the SU(3)L and U(1)X groups, respectively. SW stands for
sin θW , etc.
This scheme clearly requires an enlarged scalar sector. We consider the model that includes three scalar triplets
χ =

 χ
0
1
χ−2
ξχ + iζχ


(X=−1/3)
ρ =

 ρ
+
1
ξρ + iζρ
ρ+3


(X=2/3)
η =

 ξη + iζηη−2
η03


(X=−1/3)
, (5)
where the X quantum numbers are indicated explicitly (notice that χ01 and η
0
3 are complex fields, while the remaining
neutral fields are real). The corresponding scalar potential is given in Ref. [16]. The breakdown of the electroweak
symmetry proceeds in two steps: firstly, the SU(3)L ⊗U(1)X group is broken to SU(2)L ⊗U(1)Y through a nonzero
vacuum expectation value (VEV) νχ of the field ξχ. This induces the (heavy) masses of the exotic fermions and gauge
bosons. Secondly, the VEVs νρ, νη of the neutral fields ξρ and ξη in the ρ and η triplets break the symmetry to
U(1)em, providing masses to the standard quarks, leptons and gauge bosons. We assume that there is a hierarchy
between the first and second breakdown scales, i.e.
νχ ≫ νρ , νη . (6)
As stated, νρ and νη are responsible for the W
± and Z boson masses, thus ν2ρ + ν
2
η ≃
√
2/4GF ≃ (175 MeV)2.
The approximate scalar mass eigenstates and their corresponding masses are sketched in Table II. It can be seen
that the states ξ0χ, η
0
3 and ρ
+
3 are heavy scalars, with masses of the order of the large scale νχ, while h
0 is a light scalar
that can be associated with the SM Higgs boson. The remaining physical scalars H0, A0 and H± have masses of the
order of
√
fνχ, where f is a dimensionful parameter that drives a trilinear coupling ǫijkχiρjηk in the scalar potential
(we have assumed that |f | ≤ νχ, so as to avoid the introduction of a new dimension scale). The mixing angle β in
Table II is given by tan θβ = νρ/νη.
The scalars couple to fermions through Yukawa like interaction terms. In general, these can be written as
LY =
∑
q′,Φ
(
2∑
m=1
hmΦq′ q¯mL q
′
RΦ + h
3Φ
q′ q¯3L q
′
RΦ
)
+ h.c. , (7)
where the sum extends over all quarks q′ and scalar triplets Φ = η, ρ, χ. In view of the quantum numbers in Ta-
ble I, the U(1)X invariance constrain these couplings to those that satisfy Xq′
R
+ XΦ = 0 and Xq′
R
+ XΦ = 1/3
for the first and second term in the parentheses, respectively. Thus the allowed combinations are q′RΦ =
DiRχ
∗, BmRχ∗, DiRη∗, BmRη∗, UiRρ∗, TRρ∗ for the first term, and qRΦ = DiRρ, BmRρ, UiRη, TRη, UiRχ, TRχ for
the second one. In the standard quark sector, it can be seen that the scenario is similar to that obtained in the
Two-Higgs Doublet Model (THDM) type III [21, 22]. As expected, the nonzero VEVs of the scalar fields lead to a
4× 4 and a 5× 5 mass matrices in the up and down quark sectors, respectively.
4Mass eigenstate Mass squared Feature
GZ′µ ≃ −ζχ 0 Z′µ Goldstone
GZµ ≃ Sβζρ −Cβζη 0 Zµ Goldstone
G±
W
±
µ
= Sβρ
±
1 −Cβη±2 0 W±µ Goldstone
G0K0µ
≃ −χ01 0 K0µ Goldstone
G±
K
±
µ
≃ −χ±2 0 K±µ Goldstone
h0 ≃ Sβξρ + Cβξη ∼ ν2η , ν2ρ SM-like scalar
A0 ≃ Cβζρ + Sβζη ∼ |f |νχ physical
H0 ≃ −Cβξρ + Sβξη ∼ |f |νχ physical
H± = Cβρ
±
1 + Sβη
±
2 ∼ |f |νχ physical
ξ0χ ∼ ν2χ physical
η03 , η¯
0
3 ∼ ν2χ physical
ρ±3 ∼ ν2χ physical
Table II: Approximate mass eigenstates in the scalar sector.
III. T QUARK COUPLINGS TO W AND Z BOSONS
As stated, in the 331 model with β = −1/√3, one has two exotic quarks B1 and B2 with electric charge Q = −1/3
and one exotic quark T with Q = 2/3. These nonstandard fermions can be organized together with the ordinary up-
and down-like quarks Ui = u, c, t and Di = b, s, d into fermion vectors
U0 =

 U
0
T 0

 =


u0
c0
t0
T 0

 , D0 =


D0
B0

 =


d0
s0
b0
B01
B02

 , (8)
where the superindex 0 indicates that we are working with weak current eigenstates. Using this notation, the usual
SM charged weak interactions can be written as
L(cc) = − g√
2
U¯0L γµ P D0L W+µ + h.c. , (9)
where, in order to project over the ordinary quark sector, we have introduced a 4× 5 matrix P defined by
P =


1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 0 0

 . (10)
Notice that exotic quarks transform as singlets under SU(2)L transformations, thus they do not couple with the W
±
gauge bosons.
We change now to the mass eigenstate basis U , D by introducing unitary 4× 4 and 5× 5 rotation matrices for the
up- and down-like quark sectors, respectively:
U0L = V uL UL , D0L = V dL DL . (11)
It is useful to group the elements of V u,dL into conveniently defined non-quadratic submatrices,
V uL =
(
V u0 (3×3) V
u
X (3×1)
V uY (1×3) VT
)
and V dL =
(
V d0 (3×3) V
d
X (3×2)
V dY (2×3) VB(2×2)
)
. (12)
5Thus, in the basis of quark mass eigenstates the couplings in Eq. (9) read
L(cc) = − g√
2
U¯L γµ V u†L P V dL DL W+µ + h.c.
= − g√
2
[
U¯L γ
µVCKM DL + U¯L γ
µV u†0 V
d
X BL + T¯L γ
µV u†X V
d
0 DL + T¯L γ
µV u†X V
d
X BL
]
W+µ + h.c. (13)
Notice that the mixing matrix VCKM = V
u†
0 V
d
0 that acts over the SM quark sector is not in general unitary.
Owing to the enlargement of the gauge symmetry group, 331 models include also exotic gauge bosons. In the
models with β = ±1/√3 these have electric charge 0 or 1. In our case one has a heavy charged gauge boson Y +, that
couples with the fermions according to
LY + = − g√
2
(
u¯0Lγ
µB01L + c¯
0
Lγ
µB02L + T¯
0
Lγ
µb0L
)
Y +µ + h.c. (14)
Notice that quarks u0, c0 couple to Y +, whereas t0 does not. This is a consequence of the structure of the model,
where one of the quark families belongs to a different SU(3)L representation than the other two. It is also important
to point out that in generalW and Y are not mass eigenstates. They become mixed by a small mixing angle θ, which
turns out to be suppressed by the weak symmetry breaking scale ratio [14], θ ∼ O(νρ/νχ).
In particular we are interested here in the couplings that involve the exotic quark T . After a redefinition of the
mass states W+ and Y + we obtain
L(cc;T ) = − g√
2
T¯L γ
µ
[
cos θ
(
V u†X V
d
0 DL + V
u†
X V
d
X BL
)
+ sin θ
5∑
i=1
KiDLi
]
W+µ + h.c. , (15)
where Ki = V
∗
T (V
d
L )3i+ V
u∗
X1(V
d
L )4i +V
u∗
X2(V
d
L )3i. Phenomenologically, it is well known that VCKM is compatible with
a unitary matrix. Therefore, it is natural to expect the matrices V u0 and V
d
0 to be approximately unitary, which
implies |V uXi| ≪ |VT | ≃ 1. If we also approximate cos θ to 1, the couplings between the T quark and the ordinary
down quarks can be written as
L(cc;T ) = − g√
2
T¯L γ
µ V
(T )
i DLi W
+
µ + h.c. (16)
with the definition
V
(T )
i =
3∑
j=1
V u∗Xj V
d
0 ji + V
∗
T sin θ V
d
0 3i . (17)
Let us now perform a similar analysis for the neutral currents. The couplings between the quarks and the Z boson
in the 331 model with β = −1/√3 read [14, 19]
L(nc) = − g
2CW
[
(1− 4
3
S2W ) U¯
0
Lγ
µU0L −
4
3
S2W T¯
0
Lγ
µT 0L + (−1 +
2
3
S2W ) D¯
0
Lγ
µD0L
+
2
3
S2W B¯
0
Lγ
µB0L −
4
3
S2W U¯0RγµU0R +
2
3
S2W D¯0RγµD0R
]
Zµ
= − g
2CW
[
U¯0Lγ
µU0L − D¯0LγµD0L −
4
3
S2W U¯0γµU0 +
2
3
S2W D¯0γµD0
]
Zµ . (18)
In the last expression, only the first two terms in the r.h.s. lead to a mixing between current eigenstates when one
rotates to the mass basis. The interactions involving the exotic quark T read then
L(nc;T ) = − g
2CW
T¯L γ
µ V u†X V
u
0 UL Zµ + h.c. (19)
As in the case of the charged states W+ and Y +, the Z state becomes mixed with other neutral gauge bosons.
However, the interactions between the T quark and the standard up-like quarks mediated by the exotic neutral gauge
bosons are expected to suffer a twofold suppression: on one hand, the mixing angles between the gauge bosons suffer
a strong suppression O(ν2ρ/ν2χ) [14, 19], and on the other hand, for the neutral currents one expects a mechanism of
suppression of flavor changing currents in order to be compatible with experimental constraints (which mainly come
from the down-like quark sector). In this way, the contributions to T decay arising from this mixing will be neglected
in our analysis.
6IV. BOUNDS FOR T → UiZ AND T → DiW DECAY WIDTHS
The mass of the T quark is expected to be of the order of the νχ scale, i.e. at the TeV range, therefore we are
not able to establish bounds for the mixing angles from direct T production before having at our disposal the results
of forthcoming experimental devices as the LHC or ILC [23]. However, it is possible to set bounds for the T decay
widths by taking into account contributions from virtual T quarks to lower energy processes. Here we concentrate in
the observables ∆mK , ∆mBd and ∆mBs , which typically lead to the most stringent constraints for the presence of
new physics. Charged currents involving T quarks will contribute to these magnitudes through one-loop box diagrams
including one or two virtual T ’s. Moreover, these contributions are expected to be enhanced by the large T mass,
just as happens in the case of the top quark.
The theoretical expressions for the contributions to the mentioned observables driven by box diagrams can be
written as
∆mK = mKL −mKS =
G2F
12π2
m2W mK f
2
K BK CK
∆mBq = mB0qH −mB0qL =
G2F
12π2
m2W mBq f
2
BqBBq
∣∣∣C(SM)Bq + C(T )Bq
∣∣∣ , q = d , s (20)
where fP are the P meson weak decay constants, and the parameters BP account for the theoretical uncertainties
related with the evaluation of matrix elements that involve hadronic states [24, 25, 26]. The coefficients CK and CBq
are given by the sum of the contributions of boxes that include ordinary and exotic quarks. Explicitly one has
CK =
∑
f,f ′=u,c,t
λf,sd λf ′,sd E(xf , xf ′) + 2
∑
f=u,c,t
λf,sd λ
′
sd E(xf , xT ) + λ
′
sd
2
E

(xT , xT )
CBq =
∑
f,f ′=u,c,t
λf,bq λf ′,bq E(xf , xf ′) + 2
∑
f=u,c,t
λf,bq λ
′
bq E(xf , xT ) + λ
′
bq
2
E

(xT , xT ) (21)
where we have introduced the definitions
λUi,DjDk = (V
∗
CKM )ij(VCKM )ik , λ
′
DiDj = V
(T )∗
i V
(T )
j , xf =
m2f
m2W
, (22)
together with the previous associations (D1 D2 D3) = (d s b), (U1 U2 U3) = (u c t). The Inami-Lim function E(x, y)
is given by [27]
E

(x, y) =
4 − 7xy
4 (x− 1) (y − 1) +
[
x2 (4 − 8x+ xy) log x
4 (x− 1)2 (x− y) + ( x → y )
]
. (23)
Since in our case the VCKM matrix is not unitary, we cannot introduce the usual unitarity relations to take into
account the GIM cancellations in Eqs. (21). However, owing to the unitarity of the V uL and V
d
L rotation matrices, the
following relation is found to hold:∑
i=1,3
λUi,DjDk + λ
′
DjDk
=
∑
i=1,3
V d∗0 ij V
d
0 ik = −V d∗XjV dXk . (24)
Using this relation the coefficients CK , CBq can be written as
CK ≃ λ2c,sd S(xc, xc) + λ2t,sd S(xt, xt) + 2λc,sd λt,sd S(xc, xt)
+ 2λc,sd λ
′
sd S(xc, xT ) + 2λt,sd λ
′
sd S(xt, xT ) + λ
′
sd
2
S(xT , xT )
− 2V d∗XjV dXk
[
λc,sd(E(0, xc)− 1) + λt,sd(E(0, xt)− 1) + λ′sd(E(0, xT )− 1)
]
(25)
CBq ≃ λ2t,bq S(xt, xt)
+ 2λt,bq λ
′
bq S(xt, xT ) + λ
′
bq
2
S(xT , xT )
− 2V d∗XjV dXk
[
λt,sd(E (0, xt)− 1) + λ′sd(E(0, xT )− 1)
]
(26)
where S(x, y) is the Inami-Lim function usually considered in Standard Model calculations,
S(x, y) = − 3 x y
4 (x− 1) (y − 1) +
[
x y (4− 8x+ x2) log x
4 (x− 1)2 (x− y) + ( x → y )
]
. (27)
7In the limit x→ y one has [28]
S(x, y) → S0(x) = 4x− 11x
2 + x3
4 (x− 1)2 +
3 x3 log x
2 (x− 1)3 . (28)
In Eqs. (25) and (26) we have taken the limit xu → 0, and we have neglected the contributions to CBq driven by
λc and a term proportional to (V
d∗
XjV
d
Xk)
2. Notice that in both equations the first line corresponds to the usual SM
contribution, the second line includes the contribution from exotic quarks and the third line is a residual contribution
that arises from the nonunitarity of the V d0 matrix. Concerning this last term, it is worth to point out that the
experimental values of ∆mK and ∆mBq also provide constraints on the nondiagonal elements of V
d
0 . Indeed, as
shown in Ref. [29], the latter lead to tree level FCNC mediated by the Z ′ gauge boson. In addition, in Eqs. (25) and
(26) we have neglected perturbative QCD corrections. These are typically below a 30% level [28], therefore they are
not relevant in order to estimate the order of magnitude of the bounds for the couplings involving the T quark.
Now, taking into account the experimental measurements for the ∆mP observables, and assuming that there is no
fortunate cancellations with other contributions from nonstandard physics (e.g. the mentioned Z ′-mediated FCNC),
we can establish bounds for the products |λ′DiDj | = |V
(T )∗
i V
(T )
j |, ij = 12, 13 and 23, for a given value of the T quark
mass. To do this, we cannot take into account the usual estimations of SM contributions, which assume the unitarity
of VCKM . Indeed, the top quark mixing angles in the SM are basically determined from the same observables we
want to use to constrain the new parameters. Thus, in order to estimate upper bounds for the T mixing angles, we
will just take into account the c quark contribution to ∆mK (λc,sd can be measured from direct observation), while
the remaining SM contributions will be set to zero.
For the numerical analysis we will use the experimental results [30, 31]
∆mK = mKL −mKS = (5.292± 0.009)× 10−3 ps−1
∆mBd = mB0H −mB0L = 0.507± 0.005 ps
−1
∆mBs = mB0sH −mB0sL = 17.77± 0.12 ps
−1 . (29)
Taking the central values of these measurements (errors are negligible at the level of accuracy of our estimations) we
obtain the results shown in the left panel of Fig. 1, where we plot the bounds for |λ′DiDj | as functions of the T quark
mass. It can be seen that the values obtained are of the order of 10−3, and they decrease for increasing mT . This
can be understood by noting that S0(xT ) ∼ xT /4 for large values of xT . In addition, one can relate the bounds for
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Figure 1: Upper bounds for |λ′DiDj | (left panel) and Γ(T → DiW+ )Γ(T → DjW+ ) (right panel) as functions of the T
quark mass.
|λ′DiDj | with the corresponding bounds for the decay widths of the exotic T quark into a W+ boson and a down-like
quark d, s or b. These widths are given by
Γ(T → DiW+ ) = GF√
2
m3T
8π
∣∣∣V (T )i ∣∣∣2 (1 − 3 y4W + 2 y6W ) , (30)
8where yW ≡ mW /mT . Since the ∆mP observables involve products |V (T )∗i V (T )j |, one can establish upper bounds for
the products Γ(T → DiW+ )Γ(T → DjW+ ), for i 6= j. The corresponding numerical results are shown in the
right panel of Fig. 1, where we plot these bounds as functions of the exotic T quark mass.
The experimental values of ∆mP do not allow us to establish separate bounds for the |V (T )i | parameters. However,
it is interesting to consider the case in which all three experimental constraints are saturated simultaneously. In this
situation one finds the values for |V (T )i | shown in the left panel of Fig. 2 (as before, we show the plots as functions
of mT ). As expected, the couplings between the exotic T quark and the ordinary d, s and b quarks are suppressed
according to the usual family hierarchy. Notice that in principle one could have Tb mixing angles as large as ∼ 0.1
for T quark masses of a few TeV. Finally, from the values of |V (T )i | one can immediately obtain the corresponding
T → DiW+ decay widths. These are quoted in the right panel of Fig. 2, as functions of the T quark mass. We notice
that the dependence on mT vanishes for the ratios between the decays into down-like quarks of different families, the
corresponding branching ratios obeying approximate relations
BR(T → dW+)
BR(T → sW+) ≃
1
30
,
BR(T → dW+)
BR(T → bW+) ≃
1
150
, (31)
which arise from the ratios between V (T ) matrix elements.
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Figure 2: Left: values of |V (T )i | that simultaneously saturate the experimental bounds of the observables ∆mK , ∆mBd and
∆mBs . Right: T → DiW+ decay widths that correspond to the values in the left panel.
Let us now analyze the T decays into a Z boson and an ordinary up-like quark. From the currents in Eq. (19) we
have
Γ(T → t Z ) = GF√
2
m3T
16π
|λZTt|2
(
1 + y2Z − 2 y2t − 2 y4Z + y2Z y2t + y4t
) √
[1− (yZ + yt)2][1− (yZ − yt)2]
Γ(T → Ui Z ) = GF√
2
m3T
16π
|λZTUi |2
(
1 − 3 y4Z + 2 y6Z
)
, i = 1, 2 , (32)
where yt = mt/mT , yZ = mZ/mT , and we have defined
λZTUi ≡
3∑
i=1
V u∗XjV
u
0 ji . (33)
In principle, both the order of magnitude of the matrix elements V uXj and V
u
0 ji cannot be constrained independently
from present experimental measurements. However, in order to have an estimation of the possible size of the decay
widths, we can take into account the values of |V (T )i | obtained above, together with some assumptions on the mixing
9matrices V u,d0 . In this sense, most popular models of quark mass matrices assume that off-diagonal elements of mixing
matrices satisfy family hierarchies given by
V q0 ij ∼
(
mqi
mqj
)1/2
, (34)
for q = U , D. From Eq. (17), and taking into account the results shown in the left panel of Fig. 2, one has then
|λZTu| ∼ |V uX1| ∼ 0.01
|λZTc| ∼ |V uX2| ∼ 0.05
|λZTt| ∼ |V uX3| ∼ 0.1 . (35)
For the decay widths of the exotic T quark into Ui Z states, Ui = u, c, t, one obtains approximately the same
dependence on mT as in the case of Γ(T → DiW+) processes, together with a global kinematical factor ≃ 1/2.
Thus we have for each family
Γ(T → DiW+) ≃ 2 Γ(T → Ui Z). (36)
The above relations provide a couple of hints on what we can expect from exotic T decays if they are observed in
future colliders: on one hand, for any value of mT the branching ratios for T → Ui Z and T → DiW+ should be of
the same order of magnitude, being Ui and Di up and down quarks of the same family. On the other hand, the decay
widths should obey family hierarchies, as stated in Eq. (31). As stated, these relations correspond to the situation in
which the 331 contributions saturate the bounds on the ∆mP mass differences.
Let us recall that we have considered here the 331 model with β = −1/√3, in which one has only one exotic quark
T with electric charge Q = 2/3. One can also study the model with β = +1/
√
3, in which one has two exotic quarks
of this kind, T1,2. Though the theoretical treatment remains qualitatively similar, in this case one has to deal with
more unknown parameters (masses and mixing angles), and the phenomenological analysis is obscured. Therefore we
have concentrated here on the first possibility. Another important difference between both models is that in the case
β = −1/√3 the theory includes extra heavy neutrinos, while for β = +1/√3 one has exotic charged leptons.
V. T → qH DECAYS
Let us analyze the decays of a T quark into an ordinary quark and a scalar field. As stated in Sect. II, the scalar
eigenstates can be separated into those with masses at the νχ scale and a set of fields that can be associated with
the scalars of a THDM. Here we concentrate on the decays of the T into these lighter states, assuming that the other
channels are largely suppressed or even forbidden owing to the large scalar masses.
The quark-scalar vertices arise from the Yukawa couplings in Eq. (7), which include a large number of unknown
parameters. Consequently, in order to get an estimation of the expected order of magnitude of the relevant couplings
it is necessary to rely on a definite Ansatz for the quark mass matrices. A natural option in this sense is to consider
a scenario with approximate flavor symmetry such as that proposed by Cheng and Sher [22, 32], now extended to
include the heavy T quark. This scenario is consistent with the assumption introduced in the previous section, see
Eq. (34). Thus, for the up-like quark sector we will write the coupling constants in Eq. (7) as
hiΦUj = λ
iΦ
Uj
√
mUimUj/νΦ , (37)
with λiΦUj ≃ O(1). Within this Ansatz, the dominant T decays in the scalar sector arise from the terms driven by
the couplings hmρT and h
3η
T . Now, if flavor symmetry is approximately conserved, current quark eigenstates and mass
quark eigenstates are approximately the same. Let us identify the top and bottom quarks with the quarks in the 3
representation, i.e. U3 and D3. Then the relevant couplings for the T quark decays are
h3ηT
[
t¯LTR (cos θβ h
0 + sin θβ H
0 + i sin θβ A
0) + b¯LTR sin θβH
− ] . (38)
Here we have neglected higher orders in t−T mixing, which in the framework of approximate flavor symmetry means
to work at the leading order in (mt/mT )
2. In this limit the corresponding decay widths are given by
Γ(T → t h0 ) = |h
3η
T |2
32π
mT cos
2 θβ (1− yh0)2
Γ(T → q φ ) = |h
3η
T |2
32π
mT sin
2 θβ (1− yφ)2 , (39)
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tan θβ = 0.1 tan θβ = 1 tan θβ = 10
mφ ≪ mT mφ = mT2 mφ & mT mφ ≪ mT mφ = mT2 mφ & mT mφ ≪ mT mφ = mT2 mφ & mT
BR(T → bW+) 0.14 0.14 0.15 0.10 0.12 0.20 0.06 0.10 0.33
BR(T → tZ) 0.28 0.28 0.28 0.18 0.23 0.40 0.13 0.21 0.66
BR(T → th0) 0.57 0.57 0.57 0.18 0.23 0.40 0.002 0.004 0.01
BR(T → qφ) (× 3) 0.015 0.01 0 0.54 0.42 0 0.81 0.69 0
Table III: Approximate branching ratios for T decays into scalars and gauge bosons in a Cheng-Sher-like scenario.
where yX = (mX/mT )
2, and in the second equation q φ = tH0, tA0, bH+. If in addition we assume νη ≃ νρ, the
global coupling constant h3ηT can be approximated by |h3ηT |2 ≃ |λ3ηT |2 8mtmT GF /
√
2.
As stated, we have identified the top and bottom quarks with those in the 3 representation. This election is in
principle arbitrary. If, instead, we had chosen the t and b quarks to belong to one of the families in the 3∗, the results
in Eqs. (38) and (39) would be qualitatively similar, with the interchange cos θβ ↔ sin θβ, η ↔ ρ. Since θβ is an
unknown parameter, it is seen that the family choice is not relevant in order to obtain a rough numerical estimation
of the size of the decays.
To present some numerical results for the expected relative decay widths of the T quark, we will neglect the mass
of the light Higgs boson h0 compared with mT , and we will take m
0
H ≃ m0A ≃ m±H (in fact these masses are expected
to be of the same order of magnitude, see Table II). Finally, the sizes of T → tZ and T → bW+ decays will be
approximated taken into account the assumption in Eq. (34), which leads to |λZTt|2 ≈ |V (T )3 |2 ≈ mt/mT . One gets in
this way
Γ(T → tZ) : Γ(T → bW+) : Γ(T → th0) : Γ(T → qφ) ≈ 1
2
: 1 : 2 cos2 θβ : 2 sin
2 θβ
(
1−m2φ/m2T
)2
, (40)
where, as before, q φ = tH0, tA0, bH+. Notice that in this Cheng-Sher-like scenario the relative sizes of the decay
widths do not depend (at the leading order) on the T quark mass. Only the phase space factor (1−m2φ/m2T ) appears
in the case of T → qφ decays.
Results from the relations in Eq. (40) are shown in Table III, where we quote approximate values for the branching
ratios taking different values for tan θβ and the intermediate scalar massesmφ. We recall that one expects m
2
φ ∼ |f |νχ,
where f is a parameter that drives a trilinear coupling in the scalar potential. The values in the table have been
obtained after many assumptions and approximations, therefore they should be taken only as illustrative. However,
since this corresponds to a plausible scenario, it is interesting to notice that the decays into scalars might be the most
important ones in the search for an exotic T quark.
VI. SUMMARY
In summary, we have studied here the phenomenology of exotic T quarks in the framework of 331-symmetric models.
We have concentrated on the models with β = −1/√3, in which one has a single T with charge 2/3 that in general
mixes with the ordinary u, c and t quarks. We have studied in detail the couplings of this T quark with the ordinary
gauge bosons, establishing bounds for T → qW decays from the measured values of neutral K, Bd and Bs mass
differences. Then we have analyzed the decays T → qZ, considering the situation in which the previous bounds are
saturated, together with some assumptions on the hierarchies in the quark mixing angles. As expected, the bounds
are in agreement with family hierarchies. The dependence with the T quark mass is shown in Figs. 1 and 2. Finally
we have analyzed the decays of the T quark into a scalar and an ordinary quark. Though the results are strongly
dependent on model parameters that are in principle unknown, it is possible to present some estimations for the
widths by considering a definite scenario in which one has approximate flavor symmetries. By performing plausible
assumptions on the order of magnitude of coupling constants and mass scales, it can be seen that the decays into
fermion-scalar states may be indeed the dominant ones.
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